Bauhinia purpurea (Kaniar) pods were dried, powdered, and utilized for cadmium and lead removal.
and sesquioxides (iron, aluminium, or manganese oxides).
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Some bio-materials, such as bark, dead biomass, modied wool, moss, peat and seaweed, were also applied for aqueous Cd 2+ and Pb 2+ removal. 19 Nitrilotriacetic acid anhydride modied ligno-cellulosic material was also used for cadmium and lead removal. 20 Reviews of contaminant remediation of water by various biosorbents have appeared. 21, 22 Activated carbon, the most common adsorbent used to remediate many pollutants 23 has high production costs. 24 Therefore, heavy metal removal using a low cost adsorbent is essential to encourage remediation.
Biosorption uses the ability of biological materials to accumulate aqueous heavy metals by metabolically mediated or physico-chemical uptake pathways. 25 Biosorption can exhibit several advantages including higher sorption capacity, regeneration, and adsorbate recovery. 26 Olive stones and sugarcane bagasse, 27 marine microphytes, 28 Spirulina, 29 Camellia sinensis, 30 pectin based adsorbent 31 and fungal and wood adsorbents 32 were tested for aqueous lead and cadmium removal in single and binary systems. Recently, biosorbents used for heavy metals were reviewed.
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Bauhinia purpurea, commonly known as Kaniar or Kachnar, is a small tree. The purple Bauhinia tree (Bauhinia purpurea) is native to lower Himalayan slopes extend up to Assam and throughout the Indian Peninsula. Bauhinia purpurea is also found in Myanmar, Sri Lanka and Southern China. 34 Bauhinia purpurea leaves, owers, ower buds, and young pods are edible 35 and have medicinal value, exhibiting antioxidant, 36 anti-cancer, 37 anti-microbial, 38 and nephroprotective 39 activities. Bauhinia purpurea can withstand aqueous pollutants. 40 Also, biomass from Bauhinia leaves was used for dye removal from wastewater. 41 Thus, we selected, dried, and powdered Bauhinia pods for use as a sustainable biosorbent. Bauhinia purpurea pod powder was also magnetized to prepare magnetic biosorbent. Magnetization allows easy recovery of exhausted biosorbent from aqueous systems using a simple magnet.
Material and methods

Reagents and equipment
All the chemicals used in the study were either AR or GR grade. Lead nitrate, Pb(NO 3 ) 2 ($99%), cadmium nitrate, Cd(NO 3 ) 2 ($99%), iron(II) sulfate, FeSO 4 (99.5%), and sodium hydroxide, NaOH (98%) were obtained from Merck, India. Iron(III) sulfate, Fe 2 (SO 4 ) 3 (minimum assay 20.50%) was purchased from CDH, India.
Cd 2+ and Pb 2+ stock solutions were prepared in doubly distilled water. Solution pHs were adjusted using 0.1 M nitric acid and sodium hydroxide dilute solutions. 2.1.1. Magnetic and non-magnetic biosorbents development. Fresh Bauhinia purpurea pods were collected, washed, and then sun-dried. Dried pods were ground and sieved into different particle sizes. The 30-50 B.S.S. mesh size range was selected for the sorption experiments. Selected samples were washed several times with distilled water to remove any color. Finally, this powder was dried overnight at 70 C and stored in airtight containers for further use (Fig. 1 ). This biosorbent was designated as KPP. KPP was magnetized using a chemical precipitation method with modications discussed earlier. 5 Briey, 20 g of KPP was stirred in 200 mL of double distilled water for 1 h. Ferrous sulfate (8 g in 60 mL DW) and ferric sulfate (7.4 g in 20 mL DW) solutions were mixed together. This ferrous-ferric solution was added to the KPP suspension in a three neck round bottom ask. The suspension was agitated for 1 h under nitrogen. Then the pH was raised to pH 10-11 using a freshly prepared 10 M NaOH. The iron oxide nanoparticles started precipitating on KPP surfaces and inner pores during the pH rise. The suspension was aged (24 h), ltered, and washed using distilled water until the pH was constant at $7.0. Finally, the magnetic biosorbent was washed using ethanol and dried overnight at 70 C.
The magnetic biosorbent was designated as MKPP. Fig. 1 shows the schematic diagram for MKPP development. 2.1.2. Characterization. pH ZPC is the pH at which the net charge on the surface resulting from the adsorption on the surface is zero. Surfaces in aqueous solutions are positively charged below their pH PZC , thereby favor anion adsorption. Surfaces are negatively charged above their pH PZC and favor cation adsorption. The zero point charge (pH ZPC ) of KPP and MKPP were measured at 1, 2, 4, 6, 8 and 10 g L
À1
. Samples were added in doubly distilled water. Suspensions were brought to a series of pH values (pH 2, 3, 4, 5, 6, 7, 8, 9, 10), agitated for 48 h at room temperature, and aer 48 h, the equilibrium pH values were measured.
An automated surface area and porosity analyzer (model ASAP 2020, Micromeritics) was used for the surface area, total pore volume and pore size analyses of KPP and MKPP. Biomass samples (0.15 g) were out-gassed at 250 C for 12 h at <10 À3 Torr, prior to nitrogen adsorption measurements. Dried samples were degassed prior to the analysis. The Brunauer-Emmett-Teller (BET) surface area was calculated from the BET adsorption plot. The Barrett-Joyner-Halenda (BJH) 42 adsorption-desorption isotherm was used to determine the pore size distribution. The total micropore volume (W 0 ) was estimated by the Dubinin-Radushkevich (D-R) method.
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The biosorbents moisture, volatile and ash content were analyzed by ASTM method. 45 The C, H and N were determined using an elemental analyzer (model EURO EA 3000). Ash content was determined by incinerating a 1 g sample in a muffle furnace (Scientech, India) at 750 C for 6 h.
Surface morphology and elemental composition of KPP and MKPP were examined using a scanning electron microscope (model EVO40, Zeiss) at an accelerating voltage of 10 000 V, working distance 9900 mm and emission current 13 300 nA equipped with Bruker EDX system. Samples were gold coated to make a conductive layer and mounted on a copper stub using a double stick carbon tape.
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KPP and MKPP elemental analyses were carried out on an energy dispersive X-ray uorescence spectrometer (model Epsilon 5, PANalytical). KPP and MKPP were mixed with boric acid and pressed using an Insmart System (INSMART XRF 40) at an applied pressure of 5 t. The pellet size and exposure area were 34 mm and 8 mm, respectively.
The FTIR spectra of KPP and MKPP were recorded with a FTIR spectrometer (model 7000, Varian) on KBR pellets (1 : 20 ratio) formed at a pressure of 10 t.
KPP and MKPP X-ray diffraction (XRD) patterns were obtained on a powder XRD system (model X'Pert PRO, PANalytical) using Cu-Ka radiation (l ¼ 1.54Å) at 45 kV and 40 mA. The samples were scanned from 10 to 90 with a scan speed of 2 min À1 . KPP and MKPP morphologies were examined by TEM (model JEM 2100F, JEOL) at 200 kV. Samples were ultrasonicated in ethanol for 10 min, vacuum dried, and loaded on an amorphous carbon-coated copper grid.
The MKPP magnetic hysteresis loop was recorded with a Physical Property Measurement System (PPMS) (model T-415, Cryogenic, USA) at 5 K and 300 K. Powdered samples were lled in gelatinous capsule and sealed with Teon tape.
The FT-Raman spectra of KPP and MKPP were recorded with FT-Raman spectrometer (model Varian FT-Raman) in the range of 4000-100 cm À1 .
Sorption procedure
Sorption equilibrium and dynamic studies were conducted. Sorption parameters are necessary to design a xed-bed reactor. Biosorption studies for Pb 2+ and Cd 2+ removal were performed in batch and column modes (Fig. SM1 †) . In batch sorption experiments, a xed adsorbent dose was agitated with 50 mL of adsorbate at a constant temperature and pH, and for specic time intervals (Fig. SM1 †) . The metal ion concentration was analyzed on an atomic absorption spectrometer (model Aanalyst 400, Perkin Elmer). Adsorption capacities were calculated using eqn (1) .
here, q e is the amount (mg g
and C e (mg L À1 ) are the initial and equilibrium metal concentrations, W is the adsorbent weight (g) and V (L) is the metal solution volume. Kinetic and isotherm experiments were conducted to understand the thermodynamic adsorption behavior. A specic amount of adsorbent was added to 50 mL of adsorbate solution in the concentration range of 2-100 mg L À1 at temperatures 25, 35 and 45 C. Sorption equilibrium and dynamics data were tted to various isotherm models and rate equations.
Column experiments provide necessary parameters for scaling up xed-bed reactors. Flow rate, bed-height, column width, and breakthrough time were obtained through column adsorption (Fig. SM1 †) .
2.2.1. Sorption equilibrium models. Freundlich, 46 Langmuir, 47 Temkin, 48 Sips or Langmuir-Freundlich, 49 RedlichPeterson, 50 Radke and Prausnitz, 51 Toth, 52 and Koble-Corrigan, 53 models were used to t the equilibrium data obtained for lead and cadmium adsorption on KPP and MKPP. A detailed discussion of the isotherm models are given in Table SM1 
here, k 1 is rst-order rate constant (min
À1
), q e is adsorbate adsorbed per gram of adsorbent, and q t is adsorbate adsorbed at time 't'.
Pseudo-second-order adsorption (eqn (3)) is greatly inuenced by the number of active sites on adsorbent surface. The thermodynamic parameters, DS (entropy), DG (Gibbs free energy) and DH (enthalpy), were evaluated using the eqn (4)-(6). ), which percolated downward with a ow rate of 5.0 mL min
. The bed height was 6.0 cm. The inuent lead concentration and the solution pH were 10 mg L À1 and 4.5, respectively. Effluent samples were collected from the outlet of the column at different time intervals until the effluent lead concentration became nearly equal to the inuent lead concentration. The adsorbent was regenerated using 0.1 N HCl by elution through the column as during the adsorption step. 57 The surface area of agricultural residues is usually low. 57 There was a sharp increase in surface area upon magnetization due to the presence of small bound iron oxide particles in MKPP [ Fig Elemental analyses of KPP and MKPP showed the presence of traces of S, P, Cl, K, Ca, Cu, and Zn (Table 1) . A small wt% of iron (4%) was estimated in MKPP while none appeared in KPP. This demonstrated successful loading of iron oxide on KPP (Table 1) .
XRD was employed to identify crystalline phases in KPP and MKPP. The degree of crystallinity for biomass has been reported in the range of 13-17% and 20-23% is due to cellulosic polymorphs.
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The 20-23% degree of crystallinity occurs as a broad diffusion peak attributed to two cellulosic polymorphs, waxes and the complex nature of bonding between these structures.
58 X-ray diffraction of non-magnetic Kaniar pod powder (KPP) shows a broad peak (2q ¼ 22) due to the cellulose(II) crystalline form [ Fig. 3(a) ]. The width of this peak may be ascribed to the presence of other organic matter such as lignin and hemicellulosic. 58, 60 The other peaks at 2q ¼ 43.5 , 51.06 , 72.63 observed for this powder are assigned to cristobolite, quartz, and cristobolite quartz, respectively. The silica may be present both as cristobolite, and quartz. Other than silica, an intense calcite peak is also present at 2q ¼ 72.63 .
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Most silicate mineral components of biomass contribute to the plant's rigidness and posture. Mineral introduction into the plants can take place through both natural and anthropogenic routes. Majority of transport in plants is routed from soil, where minerals are in abundance. 58 The iron oxide phase in MKPP, identied as magnetite ( The other diffraction peak in KPP and MKPP near 30 is due to the presence of sulfate minerals. Another less intense peak, observed at 53.8 , corresponds to hematite. 62 Hematite is also deposited in addition to magnetite in the magnetic biomass during the magnetization process. Use of iron sulfate during MKPP synthesis accounts for some hematite formation.
58 XRD conrms iron oxide deposition occurs on the KPP surfaces. 65 The cavernous openings seen for KPP in Fig. 4 (B) appear to be smoothed over in MKPP ( Fig. 5 (B) and (C)). Nevertheless MKPP has the greater BET surface area. TEM micrographs of KPP are shown in Fig. 6 (A). TEM and electron diffraction (ED) micrographs of MKPP are shown in Fig. 6(B-D) . Fig. 6 (C) inset shows the diffraction pattern obtained for MKPP. The lattice fringes of magnetite are also obtained [ Fig. 6(D) ]. The aggregation of MKPP primary particles may be due to the agglomerating tendency of the KPP portions of the exposed surfaces. 66 The high-resolution TEM (HRTEM) image of the selected area shows a highly crystalline character with a well ordered lattice. This lattice structure observed by HRTEM is consistent with the iron oxide peak position in the XRD pattern [ Fig. 6(D) ]. The corresponding selected area electron diffraction (SAED) pattern [inset of Fig. 6 
58,74
Aer adsorption of Pb 2+ and Cd 2+ by KPP and MKPP, the FTRaman spectra looked very similar to the spectra before adsorption. These spectra are not useful in trying to understand any specics about the adsorption process at the surface. The saturation magnetization (M s ) of the composite was investigated at 5 K and 300 K using a using a physical property measurement system (PPMS) with an applied eld range of À8000 O e # H # 8000 O e for quantitative conrmation of the adsorbent's magnetization. The magnetic hysteresis loop of MKPP is shown in Fig. 8 
Effect of initial pH
The effect of pH on Pb 2+ and Cd 2+ adsorption onto KPP and MKPP is shown in Fig. 9(A and B) . Adsorption of metals is a pHdependent process as the surface charge and the metal speciation are both affected by the solution pH. The solution pH affects (7)- (9)).
The pH dependent adsorption of Pb 2+ and Cd 2+ between 2 to 6 occurs due to progressive deprotonation of KPP and MKPP surfaces. At pH 2.0, the biomass surface is positively charged and repels Pb 2+ and Cd 2+ , resulting in low metal uptake. 77 As pH raises, carboxylic acids, enols, and acidic alcohols on the adsorbent loose protons, and the surface becomes more negatively charged. This attracts and binds Pb 2+ and Cd 2+ . As negative charge density increases at the surface, more Pb 2+ and Cd 2+ are adsorbed. Carboxylic acids are most acidic and lose protons rst, followed by acidic alcohol sites. At higher pH, phenols are increasing converted to phenoxide sites, but this effect will occur most strongly from pH 7.5-10.0, beyond the pH range studied. In MKPP, magnetite surfaces contain Fe-OH groups. These groups also deprotonate progressively as pH rises or increasingly protonate at low pH. Thus, varying solution pH biases both surface charging and attraction or repulsion of Pb removal increased from 24 to 98% for KPP and 13 to 83% for including glycosides, avenoids, phenolic compounds, oxepins, fatty acids and phytosterols. 79 We thought these would uniquely contribute to metal chelation and sorption. Previously, mechanisms have been proposed for aqueous Pb 2+ and Cd 2+ remediation,
4,5,80
which included electrostatic attraction-repulsion interactions, ion exchange, functional group-metal complex formation, H-bonding, and chelation. 81 The presence of so many components in Bauhinia purpurea which can chelate metals has focused our attention on the compounds which have been identied in this species as example adsorbents.
79 Fig. 10 shows two of these more unique specic compounds from Bauhinia purpurea and a surface carboxylic acid as sample adsorption site for either Pb 2+ or Cd
2+
. Of course many other specic adsorption sites exist.
Chelation of M 2+ ions are shown by several functions in Table 2 ). The pseudo-second-order equation best t the dynamics data at various adsorbent dosages and initial metal concentrations. Higher correlation coefficients (>0.99) were obtained using the second-order equation (Table 2 ). Experimental 'q e ' values were similar to theoretical 'q e ' values obtained using pseudo-rst-order equation (Table 2) . Similar results were reported for Pb(II) 82 and Zn(II) biosorption. 47 Freundlich, 46 Redlich-Peterson, 50 Radke-Prausnitz, 51 Toth, 52 Koble-Corrigan, 53 Sips, 49 and Temkin 48 equations (Table   SM1 †) using MATLAB (non-linear least square method) (Fig. SM15-SM18 † Fig. 12 and 13 ].
Moreover, Langmuir isotherms were also used to determine
. R L predicts whether the adsorption is favorable and unfavorable. 85, 86 The R L values lie between 0 and 1 indicating that Pb 2+ and Cd 2+ adsorption on both KPP and MKPP is favorable.
The nonlinear Freundlich adsorption isotherms are given in Fig. SM15 and SM17 † while the parameters are reported in Table 3 . The 1/n values obtained for Pb 2+ and Cd 2+ adsorption on KPP and MKPP were between 0.1 and 0.5, indicating favorable adsorption. Among the three parameter equations, the Sips model best tted (high R 2 ) the Pb 2+ sorption data on KPP and MKPP (Table 3) . Therefore, Pb 2+ adsorption on KPP and MKPP was diffusion controlled at low metal-ion concentrations and followed monomolecular adsorption at high concentrations.
5
Sorption data were also tted to Redlich-Peterson and RadkePrausnitz equations (Table 3 ).
Thermodynamics behavior
Studies performed at different temperatures are presented in Fig. 12 ) passed continuously through under gravity@5 mL min À1 until the exhaustion point was reached.
The breakthrough curve expressed in terms of C/C 0 versus the sorption volume of aqueous Pb 2+ on KPP is shown in Fig. 14 .
87,88
The total time involved for establishment of primary adsorption zone (t x ) (eqn (10)), the time for the primary adsorption zone (PAZ) to move down its length (t d ) (eqn (11)), the length of the primary adsorption zone (d) (eqn (12)), the fractional capacity (f) (eqn (13)), the bed depth (D) (eqn (14)), the time required for initial PAZ formation (t b ) (eqn (12)- (14)), the mass rate of ow to the adsorber (F m ) (eqn (11)), the percent saturation of column at breakthrough (eqn (15)) were obtained. The bed volume (eqn (16)), the empty-bed-contact-time (EBCT) (eqn (17) ) and the biomass usage rate (eqn (18)) were also calculated. Table 6 lists the values of these xed bed column parameters. 
here, V b and V x are total effluent mass quantity per unit adsorbent area at the breakpoint, and the total effluent mass quantity per unit adsorbent area when adsorbent is approaching saturation, respectively. C b and C x are the effluent concentrations at V b and V x , respectively. The performance in a packed column can be characterized by the shape of the breakthrough curve.
An 'S' shaped breakthrough curve was obtained for Pb 2+ sorption on KPP (Fig. 14) . (Fig. 14) . At the exhaustion point, the equilibrium pH was similar to the initial pH (4.5) (Fig. 14) . This conrmed that no further Pb 2+ uptake occurred beyond the exhaustion point.
Similar observations were reported earlier.
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Lead desorption from KPP was performed using 10 mL increments of 0.1 N HCl at the same ow rate and bed height (Fig. 15) . About 85% of total Pb 2+ desorption was achieved using rst ten aliquots (total 100 mL) of HCl. The remaining Pb 2+ was desorbed in successive increments. Cadmium desorption was performed in batch mode using 10 mL increments of 0.1 N HCl. Initially, 50 mL of 100 mg L À1 Cd 2+ solution (pH 5.0) was agitated with 4 g L À1 KPP for 24 h (Fig. 15) .
The suspension was then ltered and KPP biosorbent was desorbed using 10 mL 0.1 N HCl. Approximately 63% of the total cadmium desorption was achieved in rst 10 aliquot (total 10 mL) of HCl. The KPP and MKPP biosorbents were highly stable under acidic aqueous medium. Both KPP and MKPP samples were suspended in acidic water (0.1, 0.2, 0.5, 1 and 2 N HCl). No signicant leaching of iron was observed during the period of twelve hours.
Conclusions
Bauhinia purpurea (Kaniar) pods were dried, powdered and utilized for cadmium and lead removal. 
